ABSTRACT Neurospora crassa utilizes DNA methylation to inhibit transcription of heterochromatin. DNA methylation is controlled by the histone methyltransferase DIM-5, which trimethylates histone H3 lysine 9, leading to recruitment of the DNA methyltransferase DIM-2. Previous work demonstrated that the histone deacetylase (HDAC) inhibitor trichostatin A caused a reduction in DNA methylation, suggesting involvement of histone deacetylation in DNA methylation. We therefore created mutants of each of the four classical N. crassa HDAC genes and tested their effect on histone acetylation levels and DNA methylation. Global increases in H3 and H4 acetylation levels were observed in both the hda-3 and the hda-4 mutants. Mutation of two of the genes, hda-1 and hda-3, caused partial loss of DNA methylation. The site-specific loss of DNA methylation in hda-1 correlated with loss of H3 lysine 9 trimethylation and increased H3 acetylation. In addition, an increase in H2B acetylation was observed by two-dimensional gel electrophoresis of histones of the hda-1 mutant. We found a similar increase in the Schizosaccharomyces pombe Clr3 mutant, suggesting that this HDAC has a previously unrecognized substrate and raising the possibility that the acetylation state of H2B may play a role in the regulation of DNA methylation and heterochromatin formation.
M
ETHYLATION of selected cytosines in DNA is common in animals, plants, and fungi and serves in both genome defense and gene regulation (Selker 2004; Zilberman 2008) . Despite recent progress in understanding the mechanisms of DNA methylation, its regulation remains largely undefined. For example, the extent to which various histone modifications affect DNA methylation has not been established. The filamentous fungus Neurospora crassa provides a particularly favorable model system to investigate such issues. DNA methylation in N. crassa is governed by DIM-5, a histone methyltransferase (HMTase) that trimethylates H3 lysine 9 (H3K9) (Tamaru and Selker 2001; Tamaru et al. 2003) . Methylated H3K9 is bound by heterochromatin protein-1 (HP1) (Freitag et al. 2004a) , which directly recruits the DNA methyltransferase (DMTase) DIM-2 (Honda and Selker 2008) . Phosphorylation of H3 serine 10 (H3S10) interferes with methylation of H3K9 by DIM-5 (Adhvaryu and Selker 2008) . This study was motivated by an early indication that the acetylation state of one or more histones bears on DNA methylation. In particular, we noted that the histone deacetylase (HDAC) inhibitor trichostatin A (TSA) inhibited some DNA methylation in N. crassa (Selker 1998) . TSA can also influence DNA methylation in plant and animal systems (Chen et al. 1998; Cameron et al. 1999; Ou et al. 2007) . Because methylation of H3K9 is required for DNA methylation, a simple hypothesis was that removal of an acetyl group from this residue is required to generate a substrate for the H3K9 MTase, DIM-5. Moreover, it seemed possible that acetylation of other residues, such as H3K14, might indirectly influence DNA methylation, for example, by interference with the binding of HP1 (Mateescu et al. 2004) . Other possibilities exist of course.
Histone deacetylases have been shown to play prominent roles in the regulation of gene expression (Cunliffe 2008; Hollender and Liu 2008; McDonel et al. 2009 ). Extensive work in yeasts, which lack DNA methylation, has linked particular histone acetylation to cases of both gene activation and repression (Robyr et al. 2002; Wiren et al. 2005; Sinha et al. 2006) . A phylogenetic tree based on a single alignment of protein sequences of Saccharomyces cerevisiae and Schizosaccharomyces pombe HDACs and their N. crassa homologs is shown in Figure 1 . Actively Supporting information is available online at http:/ /www.genetics.org/ cgi/content/full/genetics.110.123315/DC1.
Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under accession nos. HQ625364-HQ625365. 1 transcribed chromatin regions in S. cerevisiae are enriched for H3 acetylation on K9, K18, and K27 and lack acetylation on H4 K16 and H2B K11 and -K16 (Kurdistani et al. 2004 ). Rpd3 and Hda1 are responsible for deacetylation of the promoters of distinct sets of genes (Robyr et al. 2002) . Rpd3 is a global repressor, and mutants lacking this enzyme show increased acetylation of H4 K5 and -K12 and H3 K18 at derepressed genes (Robyr et al. 2002) . Hda1 deacetylates subtelomeric regions as well as the promoters of a large set of genes, most of which do not depend on Rpd3.
How HDACs would be involved in DNA methylation is not obvious, but similarities between known components of the heterochomatin/DNA methylation machinery of Neurospora and the heterochomatin machinery of S. pombe (which lacks DNA methylation) suggest that information from S. pombe may provide clues. As in Neurospora, heterochromatin formation in S. pombe requires an H3 K9 HMTase (Clr4) and an HP1 homolog (Swi6), as well as additional factors. Notably, the HDAC Clr3 is a component of the SHREC complex found at all heterochromatic loci (Sugiyama et al. 2007) and is important for heterochromatin formation. Clr3 deacetylase activity has been shown to recruit Clr4 to establish and maintain heterochromatin (Yamada et al. 2005) .
We found four Neurospora genes with hallmarks of classical histone deacetylases (de Ruijter et al. 2003) and named them hda-1-hda-4 (Borkovich et al. 2004) . As a step in assessing their possible role in DNA methylation, we attempted to disrupt each of the hda genes but found indications that one, hda-3, is essential for viability. Interestingly, a partial loss-of-function allele, hda-3 RIP1 , resulted in partial loss of DNA methylation. Mutation of two other genes, hda-2 and hda-4, had no discernible effect on DNA methylation. Finally, a null allele of hda-1 resulted in a regional DNA methylation defect, with some chromosomal regions showing no loss of methylation, some a partial loss, and others an apparent complete loss of methylation. We explored the mechanism of this loss of DNA methylation by investigating histone modification changes in the hda mutants.
MATERIALS AND METHODS
Protein sequence alignments: N. crassa HDAC protein sequences were aligned against S. cerevisiae and S. pombe sequences using CLUSTALW, and a PHYLIP rooted phylogenetic tree based on this alignment (Figure 1 ) was generated at the Biology WorkBench (http:/ /seqtool.sdsc.edu/CGI/ BW.cgi). Protein accession numbers are listed in Table 1 .
Strains and growth conditions: All N. crassa and S. pombe strains used in this study are listed in Table 2 . Standard conditions were used for N. crassa growth and maintenance (Davis 2000) . S. pombe strains were grown in YES medium (5 g/liter yeast extract, 30 g/liter glucose supplemented with 225 mg/liter adenine, histidine, leucine, uracil, and lysine hydrochloride) to mid-log phase using standard conditions.
Creation of mutants using repeat-induced point mutation: The hda-1, hda-2, and hda-3 genes were isolated by PCR amplification of gene fragments using degenerate primers for conserved regions (Table 3 ) that were used as probes of the Orbach-Sachs cosmid library and Neurospora l genomic library. The hda-4 gene was identified by BLAST-searching the Neurospora genome database (http:/ /www.broad.mit.edu/ annotation/genome/neurospora/Home.html) using known histone deacetylase domains from S. cerevisiae, Homo sapiens, and Drosophila melanogaster as query sequences.
Genes were subcloned into his-3 targeting vectors (Margolin et al. 1997) and transformed into his-3 strains N623 (hda-1 and -3), N1673 (hda-2), or N1674 (hda-4) by electroporation (Margolin et al. 1997 ). His-3 1 transformants were selected and crossed to N617 (hda-1, -2, and -3) or N411 (hda-4). Genomic DNA from the progeny was analyzed for RFLPs indicative of mutations from repeat-induced point mutation (RIP) by Southern hybridization analyses. Mutant strains were backcrossed to N617 (hda-1), N2540 (hda-3), or N623 (hda-2 and hda-4). Sequencing of the mutant alleles was performed on strains showing RFLPs.
Southern hybridization analyses: Genomic DNA was isolated following 2 days of growth in Vogel's 2% sucrose media as described (Miao et al. 2000) . Strains used were dim-2 (N1877), wild type (N617), hda-1 ; sms-2 RIP (N4063 and N4065). All deletion strains were generated by the Neurospora functional genomics program (Colot et al. 2006) and provided by the Fungal Genetics Stock Center (FGSC). Approximately 0.5 mg of DNA was digested overnight with the designated restriction endonuclease and fractionated by electrophoresis on 0.8% agarose gels. Transfer to membranes and blotting were performed as previously described (Miao et al. 2000) . When TSA was used, it was added to a final concentration of 1 mm, and the strains were grown with or without the drug for only 27 hr (Selker 1998) . All blots were reprobed to confirm complete DNA digestion (data not shown).
Western blots: Nuclei were isolated as described (Baum and Giles 1986) with the inclusion of HDAC inhibitors TSA (1 mm; Wako) (Selker 1998) and butyrate (50 mm; Sigma) in all buffers. Nuclear proteins were separated by 10% SDS-PAGE. Following transfer to PVDF membrane in 10 mm N-cyclohexyl-3-aminopropanesulfonic acid, pH 11, 20% methanol, blots were probed as previously described (Tamaru et al. 2003) in PBS including 3% nonfat dry milk powder using the following antibodies: a-H3 (Abcam ab1791), a-H3K4me2 (Upstate 07-030), a-H3 acetyl K9 (Abcam ab4441), a-H3 acetyl K14 (Upstate 06-911), a-H3 acetyl K9/K14 (Upstate 06-599), a-H3 acetyl K18 (Upstate 07-354), a-H3 acetyl K23 (Upstate 07-355), a-H3 acetyl K27 (Upstate), and a-H4 tetra-acetyl (Upstate 06-866). Strains used were wild type (N617), hda-1 (N2670), hda-2 (N2627), hda-3 (N2666), and hda-4 (N2531).
Chromatin immunoprecipitation: Chromatin immunoprecipitation (ChIP) experiments were performed as previously described (Tamaru et al. 2003) with the antibodies listed above and a-H3 trimethyl K9 (Cowell et al. 2002) on wild type (N150), hda-1 (N2849), Dhda-1 (N3610), qde-2 RIP ; sms-2 RIP (N3406), and ahda-1; qde-2 RIP ; sms-2 RIP (N4063 and N4065) strains. HDAC inhibitors described above were included in the ChIP lysis buffer for the ChIP experiments shown in Figure 4 . Primer sequences not published elsewhere (Adhvaryu and Selker 2008; Smith et al. 2008) are for am RIP8 (468: GATCCGATGTCACGGACAAG and 469: GCCTGCTCGAACTCGGGCTC).
Two-dimensional gel electrophoresis: Nuclei were isolated as for Western blots above and resuspended in an equal volume of 0.15 m NaCl, 10 mm Tris-Cl (pH 8.0), and 1 mg/ml protamine sulfate. Histones were extracted from the nuclear suspensions as previously described (Green and Do 2009 ). An equal volume of ice-cold 0.4 m H 2 SO 4 was added to the nuclear suspension, followed by incubation on ice for 24 hr with occasional mixing. Acid-insoluble material was pelleted by centrifugation at 14,000 3 g for 10 min. The supernatant was mixed with 100% trichloroacetic acid (TCA) to a final concentration of 20% and incubated on ice for 1 hr. TCA-insoluble proteins were collected by centrifugation at 14,000 3 g at 4°f or 10 min. The protein pellet was resuspended in ice-cold acetone, sonicated in a bath sonicator, and recovered by centrifugation at 14,0003 g at 4°for 10 min. The acetone precipitate was air-dried at room temperature and then dissolved in acetic acid-urea loading buffer (8.0 m urea, 5% acetic acid, 5% b-mercaptoethanol, 0.2 mg/ml crystal violet) to a concentration of 5 mg/ml. Histones were resolved by twodimensional gel electrophoresis (2DGE) as described (Green and Do 2009 ). The first-dimension gel contained acetic acidurea-Triton X-100 (12% polyacrylamide, 5% acetic acid, 6 mm Triton X-100, and 5.0 m urea). The second-dimension gel contained acetic acid-urea (12% acrylamide, 5% acetic acid, and 8 m urea). Gels were stained in 0.05% Coomassie blue R-250, 40% ethanol, and 5% acetic acid; destained in 20% ethanol and 0.5% acetic acid; dried between two cellophane sheets, and scanned with a flatbed scanner.
RESULTS
Characterization of Neurospora hda genes: We identified and characterized Neurospora genes encoding HDACs to study the potential role that histone acetylation may play in controlling DNA methylation. At the time that this study began, the N. crassa genome sequence was unavailable. We therefore identified Neurospora HDAC genes by PCR amplification using degenerate primers. We isolated three genes, which we named hda-1-hda-3. When the genome sequence was released, we discovered a fourth HDAC gene, hda-4. In addition, seven NAD-dependent deacetylases, named nst-1-nst-7, are found in the N. crassa genome (Borkovich et al. 2004) . The nst genes do not appear to play a role in DNA methylation, although at least three of the seven are required for transgene silencing by heterochromatin at Neurospora telomeres (Smith et al. 2008) . Since the HDAC inhibitor TSA inhibits some DNA methylation (Selker 1998), we predicted that increased histone acetylation caused by a deficiency in one or more HDACs would result in reduced DNA methylation. We therefore disrupted each of the four HDAC genes and analyzed the mutants for defects in DNA methylation and histone acetylation.
Creation of Neurospora hda mutant strains by RIP: We used RIP to generate mutations in the four hda genes by targeting a second copy of each gene to the his-3 locus and then crossing the duplication strains to induce RIP . We recovered mutant progeny for each of the four hda loci. The hda-1 RIP1 sequence revealed a Q179 to stop mutation ( Figure S1 ). Therefore, the gene product should not include a complete deacetylase domain, implying that this should be a null allele. We found indications that hda-3 is essential for viability of Neurospora, and successfully isolated an apparent partial loss-of-function allele, hda-3
RIP1
. Most of the ascospores from the cross to induce RIP of hda-3 were white and nonviable, evidence of lethal mutations. Sequencing of the hda-3 RIP1 allele revealed several nonconservative substitutions in conserved residues within the deacetylase domain and a stop codon downstream of the deacetylase domain at Q385 ( Figure S2 ). The stop codon at Q385 is upstream of a C-terminal domain that is conserved in filamentous fungi and required for in vitro deacetylase activity of the Aspergillus nidulans homolog, RpdA (Tribus et al. 2010) . We expect that the mutant protein generated 
Protein accession numbers are in parentheses. a The Neurospora database NCU07018 predicts a different start codon, which adds 139 N-terminal amino acids compared to this National Center for Biotechnology Information reference sequence.
from the hda-3 RIP1 allele retains some activity because we recovered few progeny and failed to isolate a null allele by RIP, and later, the Neurospora Genome Project (Colot et al. 2006) could not isolate a homokaryotic strain containing a knockout allele of this gene (http:// www.fgsc.net/). Sequencing of the hda-2 RIP1 and hda-4 RIP1 alleles revealed stop codons upstream of the deacetylase domains in each case (data not shown). We subsequently obtained knockout strains for hda-1, hda-2, and hda-4 generated by the Neurospora Genome Project (Table 2) .
DNA methylation defects in Neurospora hda mutants: To assess the effect of HDAC mutations on DNA methylation, we performed Southern hybridization analyses using restriction enzymes that are sensitive to 5-methyl-cytosine (5mC) in their recognition sites. In Neurospora, DNA methylation is found almost exclusively in RIP-generated, AT-rich regions scattered throughout the genome and concentrated at centromeres and telomeres (Smith et al. 2008; Lewis et al. 2009 ). We analyzed the methylation status of several well-studied heterochromatic loci in hda mutants by Southern analyses using genomic DNA digested with various restriction enzymes, including the isoschizomers Sau3AI (5mC-sensitive) and DpnII (5mC-insensitive) (Figure 2, B-E) . We included the dim-2 mutant as a control for complete loss of methylation (Kouzminova and Selker 2001 ) and compared the results for the various mutants with the effect of TSA treatment ( Figure  2 , A-C). Analysis of BglII sites at the 8:A6 region ( Figure  2A ) revealed that treatment of the control strain with TSA caused a partial loss of methylation, resulting in fragments representing both methylated and unmethylated sites (compare with results for dim-2 and wild-type strains). Interestingly, DNA from both the hda-1 RIP1 and Dhda-1 strains produced a band indicative of loss of methylation. None of the other hda mutants showed evidence of altered DNA methylation in the 8:A6 region. TSA treatment caused no detectable loss of methylation in the 8:G3 or 5:B8 regions (Figure 2 , B and C), consistent with the previous finding that this HDAC inhibitor causes significant loss of DNA methylation in relatively few loci (see above and Selker 1998). Similarly, we found that loss of methylation in hda-1 is locusspecific. Striking loss of cytosine methylation was detected at 8:A6 (Figure 2A ), 9:E1 ( Figure 2E ), and RIP'd alleles of am and mtr (see below), but other regions showed a partial loss of methylation (8:G3 and 5:B8 in Figure 2 , B and C). No loss of methylation was found in another set of loci, including 8:F10 ( Figure 2D ) and 1d21 (see below). In every case, the hda-1 RIP1 mutant and the knockout mutant showed identical methylation phenotypes, consistent with our conclusion that both are null alleles.
A partial loss of methylation in the hda-3 RIP1 mutant was detected at the am RIP :hph:am RIP and 8:F8 loci but not Figure S3 ). Methylation at 8:A6, 8:G3, 5:B8, and 8:F10 (Figure 2 , A-D) appeared similar to that of wild-type strains. We cannot conclude, however, that hda-3 is not important for DNA methylation elsewhere because it was not possible to generate a null allele. The hda-3 RIP1 and hda-4 RIP1 mutants have a different allele of 9:E1 than wild type, accounting for the RFLPs in these two strains ( Figure 2E) ; the hda-4 RIP1 mutant lacks the 8:G3 sequence ( Figure 2B ). The hda-2 and hda-4 mutations did not affect DNA methylation at any region tested, and again, the deletion and RIPmutated alleles gave identical results.
The stabilization of heterochromatin in S. pombe involves both the RNAi-mediated RITS complex and the Clr3 HDAC-mediated SHREC complex (Grewal 2010) . Previous work from our lab demonstrated that RNAi components in Neurospora are dispensable for the establishment and maintenance of heterochromatin and DNA methylation (Freitag et al. 2004b) . We considered the possibility that redundant systems, similar to S. pombe, were at work maintaining heterochromatin and DNA methylation in Neurospora. To investigate this possibility, we created a strain that was mutant for both of Neurospora's argonaute proteins (Catalanotto et al. 2002 ; D. W. Lee et al. 2003 ; H. C. Lee et al. 2010) , qde-2 RIP and sms-2 RIP , in combination with the hda-1D allele. We then assayed DNA methylation and histone H3 K9me3 at regions that showed little to no change in the hda-1D strain alone. DNA methylation at the 5:B8 and 8:F10 regions ( Figure S4 , A and B) and histone H3 K9me3 at the 8:F10 region ( Figure S4C ) remained unaltered in the hda-1D; qde-2 RIP ;sms-2 RIP triple mutant. These results are consistent with our previous observations that the classical RNAi machinery does not play a role in the maintenance of heterochromatin and DNA methylation in Neurospora. Global changes in site-specific acetylation of histones H3 and H4 in Neurospora hda mutants revealed by Western blotting: To investigate how hda mutations interfere with DNA methylation, we first tested the overall acetylation status at histone residues that can be assessed by Western blotting of nuclear proteins with available antibodies for specific histone H3 and H4 acetylation sites (Figure 3) . The hda-3 RIP1 and hda-4 RIP1 mutants showed increased acetylation at every site assayed except at H3 K18 in hda-4
, suggesting that Neurospora HDA-3 and HDA-4 have broad specificities on histones H3 and H4. The hda-2 RIP1 mutation, which showed no effect on DNA methylation, caused no significant global increase in acetylation of either H3 or H4 by the Western analysis although there may be a small decrease in acetylation in this mutant at H3 K9/14 and K18. Interestingly, the mutant that showed markedly reduced DNA methylation, hda-1 RIP1 , showed a possible small increase in H3 K18 acetylation but did not show a prominent global change in acetylation with any of the available antibodies against acetylated H3 and H4. Mutation of H3 K18 has no effect on DNA methylation in vivo and does not affect DIM-5 activity in vitro (K. Adhvaryu, E. Berge, H. Tamaru, M. Freitag and E. Selker, unpublished results) .
Local changes in H3 K9/K14 acetylation in Neurospora HDAC mutants revealed by chromatin immunoprecipitation: The Western blots did not provide clear evidence for a change in global acetylation of H3 and H4 that might account for the effect of hda-1 RIP on DNA methylation at selective chromosomal regions. We therefore turned to ChIP experiments to test for altered acetylation at representative affected loci. ChIP/PCR experiments failed to show increased H3 K18 acetylation at regions that lose DNA methylation (data not shown), but subtle effects were observed elsewhere (Figure 4) . We directly compared two regions that are normally methylated, including one that loses methylation (underlined in Figure 4B ) and one that is unaffected. PCR amplification of regions with DNA methylation is challenging because these regions are typically repetitive and AT-rich. We therefore generated strains carrying additional methylated low-copy-number regions, RIP'd alleles of am (am RIP8 ) and mtr (mtr
RIP2
) that we found lost their DNA methylation in an hda-1 RIP1 background ( Figure 4A ). An additional methylated region unaffected by hda-1 RIP1 , 1d21, was also studied. We performed triplex PCR, including primers to a euchromatic gene as a control (hH4 or pcna) and primers for two methylated regions. Direct comparison of a methylated region to the euchromatic control can give misleading results because global increases in acetylation may also change the level of acetylation at euchromatic regions. Therefore we used triplex PCRs, including a euchromatic region as an additional internal control, but for quantification of enrichment we calculated the ratio of the methylated region that loses methylation (underlined in Figure 4B ) to the methylated region that retains methylation (1d21 or 8:F10).
As expected, in wild-type strains, heterochromatic regions showed high H3K9me3 and low H3K4me2, while the euchromatic regions showed the opposite pattern ( Figure 4B ). Heterochromatic regions that showed loss of DNA methylation in hda-1 RIP (am
RIP8
, mtr
RIP2
, and 8:G3) showed specific loss of H3K9me3, and regions that retained DNA methylation (1d21 and 8:F10) also retained methylation of H3K9. The hda-1 mutation had no obvious effect on K4me2. Little change in relative enrichment of H3 K9/K14 acetylation was seen at regions that had lost DNA methylation; the enrichment at am RIP8 increased from 1.0 to 1.2 relative to 1d21 ( Figure 4B,  top) , and the ratio of H3 K9/K14 acetylation increased from 0.6 to 0.9 at mtr RIP2 relative to 8:F10 ( Figure 4B , middle); the relative enrichment of H3 acetylation at 8:G3 did not increase, but it is noteworthy that while both am RIP8 and mtr RIP2 completely lose DNA methylation in hda-1 RIP1 ( Figure 4A ), 8:G3 shows only a partial loss of DNA methylation ( Figure 2B ). The slightly increased acetylation at am RIP8 and mtr RIP2 was observed only with the antibody that detects H3 acetylated at either K9 or K14. No change was observed with an antibody specific for acetylation of only H3K9 acetylation. This suggests that this modest effect was specific to K14, consistent with results for the closely related S. pombe HDAC Clr3 (Sugiyama et al. 2007 ), but no specific antibodies were available to confirm this. Global changes in histone modification state in Neurospora hda mutants revealed by 2DGE: Considering that the effects of the hda-1 and hda-3 mutations on sites of acetylation that could be assayed with available antibodies were subtle, we turned to an approach to examine all four core histones of the hda mutants for aberrant acetylation. In particular, we employed highresolution 2DGE to resolve histones according to their relative charge/mass ratios (Green and Do 2009) . In this system, charge-altering modifications such as acetylation and phosphorylation reduce migration of the protein spot in both dimensions, yielding derivative species (spots labeled ''b,'' ''c,'' ''d,'' etc. in Figure 5 ) that migrate diagonally to the top left of the parent spot ''a.'' Recent studies in our laboratories indicate that the origin of most, if not all, derivative spots observed in Neurospora H3 and H2B histones are generated by histone acetylation, as opposed to histone phosphorylation (Anderson et al. 2010) . Our results revealed a number of effects of the hda mutations. First, the results confirmed the small increase in acetylation of H3 detected by Western analysis of the hda-1 RIP1 mutant (Figure 3) , as demonstrated by increased intensity of the derivative H3 spot labeled ''b'' and decreased intensity of the parent H3 spot (''a'') in the hda-1 RIP1 mutant ( Figure 5C ) relative to the wild-type strain (WT; Figure 5A ). The shifted spot is indicative of charge neutralization, presumably due to acetylation, resulting in slower mobility in the first and second dimensions.
While little change in the distribution of modified forms was observed for histones H3 and H4 in the hda-1 RIP1 mutant, a dramatic increase in acetylation of histone H2B was indicated by the 2DGE analysis ( Figure  5 , A and C). Thus, in Neurospora, the primary target of the HDA-1 enzyme appears to be histone H2B rather than histone H3. This observation is consistent with our Western analysis, which failed to detect substantial changes in site-specific modification of histone H3 in the hda-1 mutant (Figure 3) . These results suggest the possibility that the observed decreases in DNA methylation in the hda-1 mutant may be due to failure of HDA-1 to deacetylate histone H2B. This possibility is consistent with the observation that the S. cerevisiae HDA-1 homolog, Hda1p, is active on both H3 and H2B (Wu et al. 2001) . Although H3K14 is thought to be the pertinent target of the S. pombe HDA-1 homolog Clr3 (Bjerling et al. 2002; Sugiyama et al. 2007) , the possibility of effects on histone H2B had not been examined in this organism.
As a step in examining the possible generality of our findings, we analyzed histones from an S. pombe Clr3 mutant by 2DGE. As observed in the Neurospora hda-1 mutant, we found evidence of increased H2B acetylation ( Figure 5, B and D) . In wild-type S. pombe, H2B was predominantly unmodified ( Figure 5B ) whereas H2B appeared multiply acetylated in the clr3 mutant ( Figure  5D ). The major H2B spot, labeled ''d,'' apparently has three charged residues masked, likely by acetylation :8:F10, and 8:G3: 8:F10, normalized to this ratio in the total input DNA. (Anderson et al. 2010) . In addition, the 2DGE revealed that S. pombe Clr3 also targets H2A, as indicated by the redistribution of H2A spots in the clr3 mutant toward the less mobile derivative spots b, c, and d ( Figure 5, B and D) .
We also performed 2DGE analysis on the Neurospora hda-3 RIP1 mutant, which also affected DNA methylation, although not as dramatically as hda-1 RIP1 (Figure 2) . In contrast to the 2DGE data obtained for Neurospora hda-1 and S. pombe Clr3 ( Figure 5C and D, respectively), no global change in acetylation was detected by 2DGE for the H2A or H2B histones in the hda-3 RIP1 mutant ( Figure 5E ). However, the 2DGE analysis did show a shift in the distribution of acetylation states of histones H3 and H4 in the hda-3 RIP1 mutant, as indicated by the accumulations of di-, tri-, and tetra-acetylated H3 and H4 forms (spots b, c, d , and e, respectively, in Figure 5E ). These observations are consistent with our Western analysis of the hda-3 RIP1 strain, which revealed increased acetylation at multiple sites in histone H3 and a modest increase in tetra-acetylation of histone H4. Thus DNA methylation defects in hda-3 RIP1 may be attributed to defective activity of the HDA-3 enzyme.
DISCUSSION
This study followed up an early indication that HDACs play a role in DNA methylation in Neurospora, namely that the HDAC inhibitor TSA caused a selective loss of DNA methylation (Selker 1998) . We identified four genes encoding HDACs in N. crassa and disrupted them to assess their possible role in the control of DNA methylation. One of the four genes, hda-3, appears to be essential for viability of N. crassa and other filamentous fungi (Tribus et al. 2010) . We managed to generate a partial loss-of-function allele, hda-3
RIP1
, by exploiting the genome defense mechanism RIP. Analysis of this mutant suggested that HDA-3 has broad specificity for acetylated lysines on H3 and H4 (Figures 3 and 5) and produced evidence that this HDAC plays a modest role in DNA methylation. The S. pombe homolog of HDA-3, Clr6, is also essential for viability (Grewal et al. 1998) , has broad specificity for acetylated lysines in H3 and H4 (Bjerling et al. 2002) , and is required to prevent spurious transcription of both genes and heterochromatic repeats (Nicolas et al. 2007) . Interestingly, Arabidopsis thaliana HDA6, which is the closest homolog of Neurospora HDA-3, is required for full RNA-directed DNA methylation (Aufsatz et al. 2002) and transcriptional gene silencing (Probst et al. 2004) . It may be possible to generate temperature-sensitive hda-3 alleles in Neurospora or to conditionally express hda-3 to further decrease HDA-3 activity to better elucidate its function in DNA methylation.
We found pronounced DNA methylation defects in mutants of hda-1. Indeed, the defects were considerably more extensive than those resulting from TSA treatment. The S. cerevisiae and S. pombe homologs of HDA-1 have been reported to be specific for H3 K14 (Bjerling et al. 2002; Sugiyama et al. 2007 ) and H3 and H2B (Wu et al. 2001) , respectively. The S. pombe homolog of HDA-1, Clr3, is required for recruitment of the H3 K9 HMTase Clr4 to heterochromatin and directly interacts with the HP1 homolog, Swi6 (Yamada et al. 2005) . Heterochromatin nucleation and spreading requires Clr3 deacetylase activity, Clr4, and Swi6. Moreover, clr3 mutants have been shown to cause increased acetylation of H3 K14 and increased RNA PolII occupancy at heterochromatic regions (Sugiyama et al. 2007) . Mutation of N. crassa hda-1 resulted in a similar, albeit modest, increase in H3 acetylation at the regions of heterochromatin that lost DNA methylation in this mutant ( Figure  4B ). N. crassa HDA-1 may therefore play a similar role in restricting histone acetylation and transcription of heterochromatin, which may then impact DNA methylation.
Our finding of a sizable increase in H2B acetylation in the hda-1 mutant of Neurospora as well as in the clr3 mutant of S. pombe ( Figure 5 ) raises the interesting possibility that H2B may indirectly impact methylation of H3K9, which is a hallmark of heterochromatin in both organisms and is required for DNA methylation in Neurospora (Tamaru et al. 2003) . Together with observations on S. cerevisiae Hda1 (Wu et al. 2001) , our findings suggest that H2B is an important and general target of this particular HDAC type. It is noteworthy that there is firm precedent for interplay between modifications on H2B and H3. For example, H2B ubiquitination is required for H3 methylation in yeast (Sun and Allis 2002) , and in A. thaliana, H2B ubiquitination interferes with H3 K9 methylation and DNA methylation (Sridhar et al. 2007) . There is no previous evidence for H2B acetylation regulating H3 methylation, but we suggest that this possibility deserves investigation.
